The Cr-Ni-rich micas, Ni-Co sulphide phases and associated minerals occur in a small body of listvenite, an extensively altered serpentinite, in Lower Palaeozoic paragneisses near Muránska Zdychava village in Slovenské Rudohorie Mts. (Veporic Superunit, central Slovakia). The main rock-forming minerals of the listvenite are magnesite, dolomite and a serpentine-group mineral, less frequently calcite, quartz and talc. Accessory minerals of the listvenite include Cr-Ni--rich micas, chromite, and Ni-Co-Fe-(Cu-Pb) sulphide minerals (pyrite, pyrrhotite, pentlandite, millerite, polydymite, violarite, siegenite, gersdorffite, cobaltite, chalcopyrite and galena). The micas from the Muránska Zdychava listvenite (Cr-Ni-rich illite to muscovite and Ni-dominant trioctahedral mica) contain the highest Ni concentrations ever reported in the mica-group minerals (up to 22.8 wt. % NiO or 1.46 apfu Ni). The Cr concentrations are also relatively high (up to 11.0 wt. % Cr 2 O 3 or 0.64 apfu). contents, the latter two typical of ultrabasic rocks. The more advanced alteration stage shows lower SiO 2 , but higher content of volatiles (c. 35 wt. % of LOI) bound in carbonates and hydrated silicate minerals. Based on geochemical and mineralogical characteristics, the studied listvenite body originated during three principal evolutionary stages: (1) peridotite stage, (2) serpentinization stage, and (3) hydrothermal-metasomatic stage (listvenitization). The listvenite origin was probably connected with Alpine (Late Cretaceous) late-orogenic uplift of the Veporic Superunit crystalline basement and retrograde metamorphism; we assume P-T conditions of the final listvenite stage at ~200 MPa and up to 350 °C. The NE-SW and NW-SE trending fault structures played a key role during the process of listvenitization as they channelized the CO 2 -rich fluids that transformed the serpentinized peridotite into the carbonate-quartz listvenite.
Introduction
Term listvenite (listwanite) is generally used for metasomatic rocks, products of strong transformation (carbonatization, silicification) of primary ultrabasic rocks in ophiolite complexes of various ages (e.g., Sazonov 1975; Hansen et al. 2005; Akbulut et al. 2006) . Listvenitization of the ultrabasic rocks belongs to mesothermal processes, where the study of fluid inclusions in minerals and other data indicate temperatures of ~290 to 340 °C and pressures of ~100 to 300 MPa (Halls and Zhao 1995; Plissart et al. 2009; Bagherzadeh et al. 2013) . They are commonly connected with gold mineralization or deposits (Dinel et al. 2008; Buckman and Ashley 2010; García et al. 2015 and references therein), whereas massive, tectonically in the Veporic Superunit, central Slovakia. The carbonate-quartz listvenite contains peculiar mineralization including unique Cr-Ni-rich micas (with the highest Ni content in mica-group minerals worldwide), chromite and various Ni-Co-Fe sulphides. The preliminary results, including the mica compositions, were published previously (Uher et al. 2013) ; however, our contribution deals with a detailed mineral description of the whole association, the rock geochemistry and possible listvenite genesis.
Location and regional geology
The studied mineralization occurs in ~10 m large outcrop of listvenitized ultrabasic rocks in close vicinity of the abandoned Horal's gallery in the Rypalová Valley near Muránska Zdychava village (geographic coordinates: 48°45'24" N; 20°08'01" E), situated c. 8 km NNE of Revúca (Slovenské Rudohorie Mts, Central Slovakia).
The occurrence belongs to the Veporic Superunit of the Western Carpathians. The Western Carpathians represent a complex Alpine mountain belt, a part of the Alpine-Carpathian-Balkan Orogen, which resulted from a multi-stage Mesozoic to recent collision between Europe and Africa. The Western Carpathians consist of several nappe superunits, generally with northern vergency. Some superunits (Tatric, Veporic and Gemeric) include tectonic remnants of Early Palaeozoic metamorphic and magmatic basement complexes formed during the Variscan Orogeny, whereby the Veporic Superunit is sandwiched in between the underlying Tatric and overlying Gemeric superunits (e.g., Plašienka et al. 1997 and references therein) .
The studied locality belongs to the Kohút Zone of the Veporic Superunit (Fig. 1) . It features an allochthonous lithological sequence of Palaeozoic (pre-Carboniferous) rocks, overprinted to micaschists, paragneisses, migmatites, orthogneisses, locally with small occurrences of amphibolites, amphibolitic gneisses and rarely also ultrabasic bodies. This complex is intruded by Variscan (mainly Carboniferous) biotite tonalites, granodiorites to granites (e.g., Klinec 1976; Bezák 1982; Vass et al. 1988; Bezák et al. 1999; Hraško et al. 2005 and references therein). The listvenite body near Muránska Zdychava occurs in non-continuous NE-SW trending zone of amphibolites and small ultrabasic bodies, enclosed in garnetbearing, muscovite-biotite micaschists to paragneisses with distinct mylonitic (phyllonitic) overprint. The listvenite alteration is restricted to ultrabasic members; basic metamorphic rocks (amphibolites and amphibolitic gneisses) were not overprinted. Geological position of the listvenite body near Muránska Zdychava (Fig. 1) indicates pre-Carboniferous age of primary magmatic ultrabasic (peridotite?) protolith.
Methods
Polished thin sections of listvenite were studied under polarizing optical microscope (Nikon Eclipse LV 100 POL, Matej Bel University, Banská Bystrica) in transmitted and reflected light. Chemical composition of minerals was determined by the CAMECA SX100 electron microprobe in WDS mode (State Geological Institute of Dionýz Štúr, Bratislava). Acceleration voltage of 15 kV and probe current of 20 nA for chromite, silicate and carbonate minerals, 15 kV and 10 nA for micas, and 25 kV and 10 nA for sulphide minerals were used during the electronmicroprobe measurements. The following standards and spectral lines were used:
, and PbS (Pb M α ). The beam diameter of 2 to 20 µm was used with respect to the size and character of measured mineral. Detection limits for measured elements attained 0.02 to 0.1 wt. %, depending on concentration. The raw measurements were corrected by the PAP procedure (Pouchou and Pichoir 1985) .
Whole-rock chemical composition of listvenite was analysed in the ACME Analytical Laboratories Ltd., Vancouver, Canada (http://www.acmelab.com) . Samples were dissolved in Aqua Regia (AQ200). The major-element oxides were determined by the Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES; LF300), trace elements Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; LF100, LF100-EXT) analyses; C and S have been determined by the LECO induction furnace (TC003). The loss on ignition (LOI) was determined by sample annealing at 1000 °C during 2 hours.
Results

Zoning of the listvenite body
The listvenite outcrop shows mineral zoning and following principal petrographic types (differing  Fig. 1a -Simplified geological sketch of central part of the Slovenské Rudohorie Mts. (Slavkay et al. 2004, adapted) with the listvenite occurrence also marked. b -Detailed geological map of the Muránska Zdychava listvenite body and surrounding area (according to Hraško et al. 2005 The rock-forming minerals of the all three listvenite types are mainly magnesite, dolomite and serpentine-group minerals, less frequently calcite, quartz, talc, and Cr-Nirich members of the mica group. Magnesite is the most common mineral of the listvenite, especially in the L1 and L2 types. On the basis of textural relationships and chemical composition, magnesite occurs in two generations. Magnesite I forms relatively coarse-grained aggregates; the size of individual grains attains 0.5 mm (Fig. 2a-b) . Younger magnesite II fills veinlets (up to 0.1 mm thick) in magnesite I aggregates (Fig. 2b) . Magnesite II shows higher concentration of Mg and lower Fe content compared to magnesite I (Tab. 1, Fig. 3) .
Dolomite also forms two compositional types: dolomite I is slightly depleted in Mg/(Mg + Ca) (0.38-0.40), whereas dolomite II shows higher Mg/(Mg + Ca) ratio (0.47-0.48; Tab. 1, Fig. 3 ). Both dolomite types were probably cogenetic ( Fig. 2a) and their irregular aggregates and veinlets cut the magnesite I and II (Fig. 2b) .
Calcite is the youngest carbonate mineral; it forms irregular crack-fillings (≤ 5 mm thick) in magnesite I and II, dolomite I and II, Cr-Ni-rich micas and quartz. Chemical composition of the calcite is close to the ideal formula.
Quartz forms irregular aggregates, up to 0.2 mm across, or narrow veinlets in magnesite I and II (Fig. 2a-b) . However, it is older than dolomite and Cr-Ni-rich micas (Fig. 2c) .
Minerals of the serpentine group are common in all listvenite types, especially in the L3, where they locally make up a dominant part of the rock. The serpentine-group minerals (most probably antigorite) form aggregates of lamellar crystals, 50 to 100 μm in size or independent crystals in magnesite. They overgrew aggregates of magnesite I and talc (Fig. 2d) Compositional variations in both Cr-Ni-rich mica minerals indicate a dominant role for the muscoviteannite/phlogopite and muscovite-(alumino)celadonite (Tschermak-type) substitution mechanisms: 
chromite
Chromite is a widespread accessory mineral of the listvenite; it occurs as euhedral to subhedral, partly corroded crystals (usually 10 to 150 μm, exceptionally up to 1.2 mm in size) enclosed in magnesite I and II. Locally, chromite is cut by quartz veinlets (Fig. 2e) . Moreover, some larger chromite crystals show "chess-board" breakdown patterns and partial replacement by magnesite (Fig. 2f) Sum of anions 9.000 9.000 9.000 9.000 24.000
The crystallochemical formulae are calculated on the basis of 5 oxygen (analyses 1-4) and 20 oxygen atoms (analysis 5 Rieder et al. (1998) . The grey solid line indicates boundary between dioctahedral (2-oct) and trioctahedral (3-oct) micas. b -Ni vs. Cr substitution diagram (apfu).
sulphide minerals occur mainly in the L1 and L2 types; they are less frequent in the L3 listvenite type.
Pyrite is the most widespread sulphide mineral of the listvenite; it forms usually anhedral, rarely subhedral crystals. The mineral shows elevated contents of nickel and cobalt: 0.7 to 5.1 wt. % Ni (≤ 0.10 apfu) and 0.6 to 2.2 wt. % Co (≤ 0.05 apfu). Nickel concentrations reveal slight negative correlation with Fe content (r = -0.67) but cobalt does not show any distinctive correlation with Fe or Ni (r < -0.50). Two pyrite generations have been recognized: older pyrite I, generally with lower Ni or Ni + Co (1.8 to 3.1 wt. %) and younger pyrite II that overgrows pyrite I (Fig.  6a) , with higher Ni + Co (4.2 to 5.8 wt. %; Tab. 5).
Millerite is a relatively common mineral of the listvenite, forms discrete anhedral grains or veinlets in pyrite I. Locally, millerite occurs as trellis lamellae in a polydymiteviolarite series mineral, as a breakdown product of primary Ni-Co-Fe-S solid-solution phase (Fig. 6b) or it is replaced by siegenite or gersdorffite (Fig. 6c) . Millerite contains 0.6-4.2 wt. % Fe (≤ 0.07 apfu), low concentrations of Co (max. 0.7 wt. %) and negligible admixtures of Pb and Cu (Tab. 5). The millerite trellis lamellae in polydymiteviolarite show elevated contents of Fe + Co (3.4-4.9 wt. %) in comparison to discrete grains of millerite (Tab. 5). The most distinct FeNi -1 substitution in millerite displays very high negative correlation (-0.98); relatively strong Thiospinel minerals of the polydymite-violarite series and siegenite were identified in the listvenite. The polydymite-violarite members overgrow pyrite I or they form discrete grains. The millerite lamellae in polydymite-violarite matrix (Fig. 6b) indicate the exsolution breakdown of primary Ni-Co-Fe-S solid-solution phase. The mineral of the polydymite-violarite series reveals increased contents of Co (1.9 to 3.4 wt. %, 0.10 to 0.17 apfu; Tab. 5, Fig. 7b ). Excellent negative correlations between Ni and Fe or Co (up to -1.0) document the FeNi -1 and CoNi -1 substitution mechanisms.
Siegenite is the most common thiospinel mineral in the listvenite. It forms overgrowths or fracture fillings of discrete millerite grains (Fig. 6c) . Siegenite shows high iron content (7.3 to 10.0 wt. %, 0.40 to 0.55 apfu Fe; Tab. 5) and Fe partly substitutes Ni (r = -0.84). Therefore, studied siegenite represents intermediate phase between siegenite end-member (CoNi 2 S 4 ), violarite (FeNi 2 S 4 ) and an unnamed CoNiFeS 4 phase (Fig. 7b) .
Gersdorffite occurs in local accumulations of discrete grains in association with millerite and thiospinels; in some cases it replaces millerite aggregates (Fig. 6c) . Gersdorffite reveals wide variations in Co (0.0 to 11.7 wt. %, ≤ 0.33 apfu) and Fe (0.5 to 2.2 wt. %, 0.02 to 0.05 apfu); the content of Sb is negligible, max. 0.3 wt. % (Tab. 5).
Cobaltite is a relatively rare mineral of the listvenite, it forms discrete anhedral crystals (~15 μm across) in magnesite I. It shows relatively high content of Ni (~9 wt. %, 0.25 apfu) and Fe (~3 wt. %, 0.08 apfu) (Tab. 5). Other uncommon sulphide minerals are pyrrhotite, pentlandite, chalcopyrite, and galena. Pyrrhotite forms tiny grains scattered in magnesite I or intergrowths with pentlandite laths (Fig. 6a) . Pyrrhotite contains 3.3 to 3.8 wt. % Ni (~0.05 apfu; Tab. 5). Chalcopyrite and galena were identified as minute inclusions (2-5 µm) in pyrite I (Fig. 6b, d ). Sr, Ba and other trace elements (including REE) are very low (Tab. 6). The listvenites at Muránska Zdychava provide a good example of a polystage transformation of the primary ultrabasic rock, as documented in the studied L1 to L3 rock types, which demonstrate various degrees of alteration (Tab. 6). The L3 type represents an incipient alteration stage with highest contents of SiO 2 , MgO, and Cr 2 O 3 , typical of ultrabasic rocks (Fig. 8) . The L1 and L2 types assume more advanced alteration with low SiO 2 but with distinctly higher LOI (around 35 wt. %), reflecting mainly CO 2 and H 2 O in carbonates (magnesite and dolomite) and hydrated silicate minerals (Cr-Ni-rich micas, serpentine group minerals and talc). On the contrary, all three listvenite types show very low contents of REE and other rare metals (e.g., Ga, Zr or U); concentrations of these trace elements were not distinctly influenced by alteration of primary ultrabasic rock (Tab. 6).
Geochemical characterization of the listvenite
Discussion
The geochemistry and the alteration trends of the listvenites from Muránska Zdychava are generally comparable to the hydrothermal-metasomatic transformation in some other occurrences of listvenitized ultrabasic rocks (e.g., Hovorka et al. 1985; Akbulut et al. 2006; Styles et al. 2014; Figs 8-9 3.752 0.035 5.123 0.004 0.010 8.076 17.000 pentlandite The crystallochemical formulae are calculated on the basis of 2 atoms (analyses 9-13), 3 atoms (1-8; 20-23), 7 atoms (15-19), 17 atoms (26-27), and 1 S atom (24) (25) 1978): (1) basic to ultrabasic rocks of the gabbro-peridotite formation with characteristic Fe, Mn and Ti enrichment and (2) ultrabasic rocks of the peridotite formation with elevated Mg, Cr and Ni contents, and lower Si and alkalis compared with (1). Absence of ilmenite and presence of chromite as well as Ni-Co sulphide minerals (sensu Hovorka 1978; enable to assign the protolith of the Muránska Zdychava listvenite to the ultrabasic rocks of the peridotite formation.
The second principal prerequisite for the listvenite origin represent brittle tectonics and propagation of faults in the host rock, serving as channels for effective circulation of the mineralizing fluids (Hansen et al. 2005) .
Moreover, listvenites are commonly associated with vein or metasomatic ore mineralizations, as for example in Ural Mts. (Sazonov 1975) or in the Rocky Mts. (Hansen et al. 2005) . In the Western Carpathians, Cr-rich muscovite (fuchsite) and quartz-rich listvenites were described mainly from siderite-quartz-sulphide hydrothermal deposits (Dobšiná, Rudňany, Slovinky, Gelnica, Mlynky and other occurrences) of the Gemeric Superunit; rarely they occur in ultrabasic rocks at the Muránska Dlhá Lúka, Veporic Superunit and Jasenie in the Tatric Superunit (Ivan 1984 (Ivan , 1985 Grecula et al. 1995 and references therein) .
Based on geochemical and mineralogical characteristics, the studied listvenite body near Muránska Zdychava originated during three principal evolution stages: (1) peridotite stage, (2) serpentinization stage, and (3) hydrothermal-metasomatic stage (listvenitization).
Rock-forming magmatic minerals of the primary ultrabasic rock, most probably peridotite (stage 1) were almost completely transformed to younger assemblages (2) and (3). However, relicts of Mg-bearing chromite, rare pyrrhotite with pentlandite lamellae and pyrite I with chalcopyrite exsolutions are still preserved.
The serpentinization stage (2) is represented by serpentine minerals (with later magnesite I + quartz assemblage) is partly preserved mainly in the L3 type of the listvenite (Tab. 6, Fig. 8 ). Moreover, we suggest a partial dissolution of the older sulphide minerals, mobilization of Ni, Co, Fe, S, As and their new precipitation in the form of pyrite II + millerite + siegenite + polydymite + violarite + gersdorffite + cobaltite mineral assemblage during serpentinization. The secondary origin of sulphide and sulphoarsenide minerals due to serpentinization is generally a characteristic feature of ultramafic bodies in the Western Carpathians . Precipitation of Ni and Co sulphoarsenides is typical of advanced serpentinization to listvenitization, and this process can be an effective for Ni and Co mobilization and accumulation, perhaps up to economic concentrations, such as in the Dobšiná deposit, Slovakia (Ivan and Hovorka 1980) , Kamaishi mining district, Japan (Shiga 1987) or Bou Azzer deposit, Morocco (Alansari et al. 2015) . Millerite and polydymite were observed also in steatitized abyssal peridotites of the Mid-Atlantic Ridge, where increased Si and decreased H 2 activities enable precipitation of high sulphur-fugacity sulphides (Klein and Bach 2009).
The third, advanced hydrothermal-metasomatic stage (listvenitization) represent mainly the L1 and L2 types of the listvenite with dominant magnesite I-II + dolomite I-II + quartz + Cr-Ni-rich micas. This alteration of serpentinized rocks by CO 2 -rich fluids is illustrated by the following reaction: Mg 3 Si 2 O 5 (OH) 4 + 3 CO 2 = 3 MgCO 3 + 2 SiO 2 + 2 H 2 O (Halls and Zhao 1995). Generally, alteration of ultrabasic rocks to listvenites involves two basic processes (Akbulut et al. 2006; Figs 8-9) . (1) Silicification is caused by fluids rich in SiO 2 and H 2 O at relatively low pH. This process leads to quartz ± carbonate rocks with unusually high SiO 2 contents, up to 80 wt. % (birbirites). (2) Carbonatization represents the alteration by fluids enriched in CO 2 , H 2 O and Ca 2+ , with higher pH, as well as decreased ƒS 2 and ƒO 2 in comparison with the silicification. The altered ultrabasic rocks reveal low SiO 2 but high CaO and MgO contents. In our case, the final hydrothermal-metasomatic transformation of the Muránska Zdychava listvenite included relatively rapid decrease in SiO 2 , slight decrease in MgO and only insignificant increase in K 2 O. Strong enrichment of total carbon in L1-L2 analyses (Tab. 6) is unambiguously a manifestation of high CO 2 content in fluids responsible for the listvenitization.
The Cr-Ni-rich micas precipitated during the listvenitization of the investigated ultrabasic rock, in association with magnesite, dolomite and quartz (Fig. 2a,  c) . The micas from the Muránska Zdychava listvenite contain the highest values of Ni ever reported in the mica-group minerals (up to 22.8 wt. % NiO or 1.46 apfu Ni); the Cr concentrations are also relatively high (up to 11.0 wt. % Cr 2 O 3 or 0.64 apfu). The micas were formed under a significant Al and K deficit (Tab. 6), which caused their small volume in listvenite and unusual composition.
Similar micas with unusually high Cr and Ni contents were formed under analogous conditions in transformed ultrabasic rocks. The maximum Ni content in previously reported chromian muscovite attained 8.75 wt. % NiO (0.53 apfu), together with up to 13.5 wt. % Cr 2 O 3 (0.75 apfu); it occurs in quartz veins and stockworks that traverse the ophiolitic emerald-hosting, carbonatealtered ultramafic rocks in the Swat Valley, the Indus suture, NW Pakistan (Arif and Moon 2007) . Nickel-rich phlogopite (up to 4.3 wt. % NiO or 0.26 apfu) occurs in association with Ni-bearing sodium amphibole, chlorite and talc in Ni-rich lateritic rocks transformed from serpentinites in Studena Voda Fe-Ni ore deposit of the Vardar ophiolite zone in Macedonia (Maksimović and Pantó 1982) . Muscovite with 5.5 wt. % Cr 2 O 3 and 2.0 wt. % NiO (0.29 apfu Cr and 0.11 apfu Ni) was described from quartz-magnesite listvenites with chromite in the Setogawa Group, east of Nagoya, Japan (Takasawa et al. 1976) . Despite the lack of textural evidence, we assume partly dissolved chromite as a main source of Cr. Similarly, primary Ni-bearing silicate minerals (especially serpentinized olivine?) or older Ni-rich sulphide minerals (probably pentlandite) could have served as a principal source of Ni in the micas. Analogous partial dissolution and replacement of primary chromite by Cr-Ni-rich muscovite was documented in listvenitized ultrabasic rock from Swat Valley, Pakistan (Arif and Moon 2007) .
The listvenitization of ultrabasic rocks represents a hydrothermal-metasomatic process under the greenschist-facies metamorphic conditions, at ~290 to 340 °C and ~100 to 300 MPa (eg., Halls and Zhao 1995; Plissart et al. 2009; Bagherzadeh et al. 2013 ). In the studied listvenite body near Muránska Zdychava, this process was probably connected with Alpine (Late Cretaceous), late-orogenic uplift of the Veporic Superunit crystalline basement and retrograde metamorphism at temperature of 350 to 500 °C and pressure of 200 to 400 MPa (Kováčik et al. 1996) . Consequently, we assume that the final listvenite stage took place at ~200 MPa and less than 350 °C. These conditions corresponded to en-block exhumation of Veporic Superunit between 80 and 55 Ma, resulting from the underthrusting of the Tatric-Fatric continental crust from the north. In this time period, central part of the Veporic Superunit cooled down from 350 °C to 60 °C (Vojtko et al. 2016) . The NE-SW and NW-SE trending fault structures played a key role during the listvenitization; they presumably channelled the CO 2 -rich fluids that transformed the serpentinized peridotite into magnesite I + dolomite I + quartz + Cr-Ni-rich muscovite. Contemporaneously with the listvenite origin, some hydrothermal siderite and quartz-sulphide mineralizations grew on the fault zones of metamorphic rocks in the Muránska Zdychava area . The Late Cretaceous age (~70 to 80 Ma) and presence of CO 2 -rich fluids was documented for analogous hydrothermal mineralization in adjacent Gemeric Superunit of the Western Carpathians (Hurai et al. 2008) . The youngest mineralization of the studied listvenite (younger hydrothermal, sensu Hovorka et al. 1985) is represented by veinlets of white calcite without sulphide minerals.
Conclusions
1) The listvenite near Muránska Zdychava originated from primary magmatic ultrabasic body (probably peridotite) during three principal evolution stages:
(1) magmatic stage, (2) serpentinization stage, and (3) hydrothermal-metasomatic stage (listvenitization).
2) The final listvenitization stage (3) took place during Alpine (Late Cretaceous) late-orogenic uplift and retrograde metamorphism of the Veporic Superunit crystalline basement; its assumed P-T conditions were ~200 MPa and ≤ 350 °C.
3) The NE-SW and NW-SE trending fault structures likely played a key role during the listvenitization, as they provided channels for circulation of CO 2 -rich fluids that transformed the serpentinized peridotite into carbonate-quartz-rich listvenite. 4) The micas from the Muránska Zdychava listvenite represent Cr-Ni-rich illite to muscovite and Ni-dominant trioctahedral mica (probably a new, formally unapproved mineral species). They contain the highest values of Ni ever reported in the mica-group minerals (up to 22.8 wt. % NiO; or 1.46 apfu Ni), the Cr concentrations attain 11.0 wt. % Cr 2 O 3 (0.64 apfu). 
